hen normally ductile polycrystalline metals are subjected to tensile loads in certain moist or liquid environments they can undergo brittle fracture, which occurs mainly but often not exclusively along grain boundaries 1, 2 . This form of fracture behaviour, termed intergranular stress-corrosion cracking (IGSCC), affects many critical engineering structures, including carbon steel pipelines 3, 4 , nickel-base alloys and stainless steels in nuclear and conventional power generating stations [5] [6] [7] [8] , and aluminum alloys used in aircrafts 9 . IGSCC is also an important issue regarding the state of our national infrastructure and future plans for nuclear waste containment [10] [11] [12] . Apart from hydrogen embrittlement, IGSCC can result from two different forms of selective metal dissolution. The first is connected to the segregation of impurities or dilute alloying elements to grain boundaries. Examples of this are phosphorus impurity segregation in Ni 13 and carbon segregation in stainless steels 6, 8, 14, 15 , which can occur during heat treatment or welding operations. The other form derives from a dealloying process during which a major alloy component is selectively dissolved, creating a nanoporous structure. Historically, the mechanism responsible for the IGSCC of both Fe-and Ni-based alloys has been highly controversial 16, 17 . The argument is focused on whether the dominant process is connected to metal dissolution or hydrogen embrittlement. In principle, both of these mechanistic alternatives could be operative since the corrosion potential of these alloys often allows for simultaneous hydronium or water reduction and metal dissolution. This has been the primary reason for studying stress-corrosion in model alloy systems such as Cu-Au and Ag-Au. In acids, these systems undergo IGSCC at electrochemical potentials at least 500 mV more positive (depending on alloy composition) than the potential at which hydronium can be reduced. Here we report on results examining IGSCC caused by dealloying, with the aim of identifying the synergy between stress and corrosion in an otherwise well-characterized model system. We chose to examine the behaviour of Ag-Au alloys since metal dissolution in this system has been thoroughly studied [18] [19] [20] [21] , as have the mechanical properties of the nanoporous gold (NPG) that forms as a result of dealloying [22] [23] [24] [25] [26] [27] . In many alloy systems, dealloying results in a self-organized nanometre-scale bi-continuous morphology that maintains an epitaxial relationship with the parent phase alloy 18, 19, 24 . This also occurs within grain boundaries and since, on average, atoms within a grain boundary have fewer nearest neighbours than the grain interior they are more easily dissolved. Accordingly, the rate of dealloying within a grain boundary is larger than that in the grain interior. When calculations of grain boundary corrosion penetration rates on model alloy systems such as Ag-Au are compared to measured stress corrosion cracking rates, the cracking rates can far exceed the corrosion rate. An extreme example of this occurs under conditions of high strain rate (~18 s −1 ), for which cracking in this system can be as rapid as 20 mm s −1 (refs 28,29 ). If cracking were solely supported by grain boundary dealloying, this cracking rate would require a sustained electrochemical grain boundary current density of about 200 A cm −2 (Supplementary Information), which does not seem possible. Importantly, several studies have shown similar discrepancies in the case of the high-temperature (~288-300 °C) cracking of sensitized 304 stainless steels under boiling water reactor (BWR) conditions. It was found that the measured IGSCC velocities required current densities in the range 10-50 A cm −2 , whereas the highest possible current density extracted from electrochemical measurement was 1 A cm −2 (refs 30,31 ). In these studies, it was concluded that associated with each increment of corrosion crack advance there must be an element of mechanical separation of the order of a few micrometres.
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Researchers who used analytical transmission electron microscopy (TEM) in the study of the IGSCC of stainless steels in hightemperature water also observed selective oxidation, metallic Cr depletion and grain boundary nanoporosity formation 32 . This is the key feature connecting the IGSCC behaviour of our model Ag-Au system to the cracking behaviour of stainless steels in high-temperature water environments. There is also clear evidence of grain boundary nanoporosity formation resulting from selective oxidation during the IGSCC of Ni alloys in pressurized water reactor (PWR) conditions [33] [34] [35] . It is believed to require the simultaneous presence of tensile stress and corrosion; however, the exact nature of this synergy has eluded experimental identification. For noble metal alloys such as Ag-Au, IGSCC is a consequence of dealloying corrosion, forming a nanoporous gold layer that is believed to have the ability to transmit cracks into grain boundaries in un-dealloyed parent phase via a pure mechanical process. Here using atomic-scale techniques and statistical characterizations for this alloy system, we show that the separate roles of stress and anodic dissolution can be decoupled and that the apparent synergy exists owing to rapid time-dependent morphology changes at the dealloyed layer/ parent phase interface. We discuss the applicability of our findings to the IGSCC of important engineering Fe-and Ni-based alloys in critical applications.
Decoupling
The critical question addressed here is whether or not brittle nanoporous GB morphologies can, owing to mechanical effects, inject a crack into grain boundaries of un-dealloyed parent phase material 2, 27, 36 . To explore this, we conducted a series of crack injection experiments. These experiments are designed to separate a mechanical component of cracking from any stress-corrosion component, here identified as simultaneous dealloying and mechanical loading [37] [38] [39] [40] [41] [42] . In these experiments a polycrystalline sample is dealloyed under a zero-stress condition to form a nanoporous layer of prescribed thickness and then, while the dealloying potential is maintained, the sample is rapidly loaded, causing intergranular fracture. The purpose of rapid loading is to minimize the time that stress and dissolution simultaneously operate. Variants of this general scheme involve inserting steps between dealloying and load application to mitigate the possibility of metal dissolution during load application. Using this general approach, we examine the coupling of stress and corrosion using the atomicscale techniques of atom probe tomography (APT), aberrationcorrected scanning TEM (STEM) and statistical characterizations. Our results reveal that crack injection depends on the time-dependent morphology at the dealloyed layer/parent phase interface, where relatively large elliptical voids evolve, severely degrading cohesion and the ability of a NPG corrosion layer to inject grain boundary cracks. The compositionally dependent electrochemical potential for porosity formation in these alloys is 0.99 and 0.96 V NHE, respectively 20, 21 . These different protocols were used to vary the thickness of the dealloyed layer within the grain interiors. For the first protocol the thickness of the dealloyed layer was ~500 nm, whereas for the second protocol it was ~2.2 μ m. In one series of tests, samples with dealloyed layers were not stressed (no-load control samples), with the aim of examining the depth of grain boundary corrosion. In another series of tests, crack injection experiments were performed following the same no-load dealloying protocols used in the control samples, after which samples were mechanically loaded. Figure 1 shows APT, STEM and energy-dispersive spectroscopy (EDS) control sample results for a 125-μ m-thick Ag 0.70 Au 0.30 sample dealloyed at 1.26 V NHE in 1 M HClO 4 for 60 s (Methods). A characteristic feature of dealloying in polycrystals apparent in Fig. 1a is the V-shaped dealloyed region that forms since dealloying occurs faster down the boundary than it does in the grain interior. As dealloying of Ag proceeds down the boundary, it spreads laterally into the adjacent grain interiors, forming the V. Figure 1b shows the detailed structure of the porosity at the terminal grain boundary penetration location and Fig. 1c shows that the grain boundary composition at this location is Ag 0.63 Au 0.37 , indicating that ~28% of the Ag originally present was selectively dissolved. Importantly, no grain boundary porosity was observed below the V, and we return to this point in discussing our results. Figure 1d ,e shows APT measurements of two specimens prepared from the same noload control sample for a different grain boundary (Supplementary Information). One APT specimen targeted a grain boundary location ~1,100 nm below the V and the other specimen targeted a location ~60 nm below the V. Element-specific atom map depictions of the three-dimensional reconstructed volumes are shown in which each dot corresponds to an individual detected atom. The increased local atomic density in the atom maps corresponds to the location of the grain boundary; a result of a well-known imaging artefact in APT 43 . The local grain boundary compositions were determined by extracting the one-dimensional concentration profiles. These compositions represent lower bounds of the actual Au enrichment due to the same imaging artefact that results in the apparent higher atomic density along the grain boundary. Since the grain boundary Au compositions were similar at the 60 and 1,100 nm locations, it seems highly unlikely that the gold enrichment results only from dealloying. We believe that the compositional variation along the boundary 1,100 nm below the V resulted from Au segregation during annealing (Methods) before corrosion, which is also supported by the ~15 nm Au gradient within the matrix on either side of the grain boundary in both specimens. EDS data presented below also indicate that Au segregation occurs in grain boundaries.
Crack injection experiments were performed on samples treated identically to the control samples. Two general variants of experiments were performed. In one set of experiments, following the no-load dealloying protocol, the potentiostat was switched to open circuit, samples were removed from the electrolyte, dipped into deionized water for ~10 s, removed from the water and subsequently hand bent to a radius of curvature of ~500 μ m (Supplementary Information). Hand bending was used to facilitate water immersion and the control of time between dealloying and sample loading. In the second set of experiments, samples were removed from the electrolyte and held in air for times ranging from 3 to 180 s before load application, and subsequently immersed in water. Throughthickness sample fracture did not occur in any of the samples that were either immersed in water for 10 s before bending or held in air for longer than 10 s, whereas through-thickness fracture occurred in all of the samples that were held in air for less than 10 s and subsequently bent. Figure 2 shows typical STEM/EDS results for a sample held in air for 20 s before bending and Supplementary Fig. 10 shows similar results for a sample that was dipped into water before bending. In total, five samples that did not undergo through-thickness fracture were prepared via focused-ion beam (FIB) milling for characterization, and features common to all samples are highlighted. Figure 2a shows an entire 8.5-μ m-deep injected grain boundary crack for which the misorientation characterizing the grain boundary is 38.6°, corresponding to a Σ 7 grain boundary (Supplementary Information). The red arrows in this bright-field image point to remnants of carbon deposition (used to protect the sample) as well as redeposited alloy, which is a result of FIB milling. As shown in Fig. 2b , the carbon deposition and milling artefacts extend to ~2 μ m behind the crack tip. Figure 2c and Supplementary Fig. 14 show that just past the crack tip location we observe confined grain boundary porosity that extends ~400 nm. Importantly, there was no hint of porosity along the crack walls between the location of the V defining the grain boundary corrosion penetration depth and the crack tip. Figure 2d shows an atomic-resolution image of the crack wall at the yellowcircled region in Fig. 2b . If dealloying had occurred in this location, which is behind the crack tip, some indication of porosity would certainly be apparent. Figure 2e shows the grain boundary morphology at the end of the ~400-nm-long porous region ahead of the crack tip and Fig. 2f,g shows results of EDS line scans of this region. The grain boundary composition at the position of line 1 (Fig. 2e ) that passes through a grain boundary pore is 53 at.% Au, whereas that at position 2 is 50 at.% Au. The composition of the grain interiors on either side of the crack is ~32 at.% Au. We note that at distances ~2 μ m beyond the extent of the confined grain boundary porosity, the grain boundary Au composition was 35 at.% Au. This composition must have resulted from grain boundary segregation during thermal annealing (Methods), as also noted in the preceding APT analyses.
We now address the issue of the confined grain boundary porosity observed below the injected cracks, which is a result of Ag dissolution. When the samples containing the dealloyed layers are removed from the electrolyte they retain electrolyte imbibed in the NPG structure. Recall that we do not observe porosity along the crack walls between the V and the location of the crack tip. This indicates that the porosity formed after crack injection under opencircuit corrosion conditions. This occurs since the dealloyed layer serves as a high-surface-area electrochemical capacitor, and on removal of the applied voltage the layer will self-discharge. An oxidation process must support the reductive discharge of this layer, which can only be Ag dissolution, and initially this must be confined to grain boundaries. In effect, the nanoporous layer is galvanically coupled to the parent phase alloy so the cathodic discharge of this layer and grain boundary Ag dissolution occur simultaneously. To develop a more comprehensive picture of the depth of intergranular corrosion penetration in the no-load control samples as well as grain boundary crack injection distances, we examined cross-sections of samples. These analyses establish the statistics of corrosion penetration and crack injection (Methods). Following the formation of the dealloyed layer, no-load control samples were immersed in deionized water for one day and subsequently stretched in a tensile device to ~15% elongation to tear open grain boundary dealloying penetrations and make them visible. Crack injection samples followed the same no-load dealloying protocol, after which they were mounted on a solenoid tensile device and impulsively loaded (Supplementary Information). The elapsed time between removal of these samples from the electrolyte and loading was ~180 s, which has the effect of attenuating crack injection distances compared to those that were held in air for shorter times. Figure 3a ,b shows the histograms of grain boundary penetration distances and demonstrates that for the dealloying conditions employed the penetrations were less than four times the thickness of the dealloyed layer in the grain interior. In all, we examined the depth of ~10,000 penetrations and the mean and median of the distributions correspond to either the ~500-nm-or ~2.2-μ m-thick nanoporous layers. Figure 3c is a histogram result for crack injection and reveals qualitative differences between the statistics of grain boundary corrosion penetration and crack injection. The mean and median injection distances were 2.8 μ m and the largest injection distance found was to be 12 μ m, which is ~4 μ m deeper than any no-load grain boundary corrosion penetration distance observed for the identical alloy composition and dealloying protocol.
All of the eight crack injection experiments performed on samples that were removed from the electrolyte and bent within 10 s resulted in through-thickness sample fracture. Figure 4a shows a typical fracture surface obtained from these experiments and Fig.  4b compares this to that obtained in a conventional slow displacement rate SCC test. At the scale of the images the fracture surface are similar except that, as expected, close inspection of the SCC surface shows a porous dealloyed morphology on the grain facets. We emphasize that the only difference between samples that underwent sample fracture in the crack injection experiments and those that did not was the length of the hold time in air or water immersion.
In considering the qualitatively different behaviours observed in the crack injection experiments, we are left with the question of what happens to the ability of the dealloyed layer to inject a throughthickness crack following removal of a sample from the electrolyte. Coarsening of the layer occurs immediately following switching the potentiostat to an open-circuit condition (and removal of the sample from the electrolyte), and at one time we believed that such a coarsened NPG structure could not support high-speed cracking. However, recent work has shown that monolithic NPG coarsened over days is able to support high-speed dynamic fracture 27 . We believe that the different behaviours observed are related to the changes in the structure of the interface between the NPG layer and the un-dealloyed parent phase. Figure 5a shows a STEM bright-field image of the interface and Fig. 5b is an EDS profile that defines the extent of the compositionally graded interface as well as characterizes the composition of the NPG layer. The NPG layer is composed of ligaments that are ~5 nm in diameter with a composition of 55 at.% Ag and 45 at.% Au. Figure 5c is a magnified view of the immediate region around point A of Fig. 5a that corresponds to the end of the compositionally graded interface. The structure shows regions of relatively large elongated voids (dashed white lines Fig. 5c ) of approximately 5 nm in width and 30 nm in length. Large voids also exist within the grain boundary near the vertex of the V in the control sample shown in Fig. 1b. Figure 5d shows a FIB milled cross-section of a dealloyed sample that was heated at 200 °C for 10 min post crack injection to visualize these coarsening processes more clearly. It is evident that the porosity at the dealloyed layer/ parent phase interface coarsens more quickly than the porosity within the 'bulk' NPG layer and adopts a pearl necklace-like array of relatively large elliptical voids with their major axes aligned parallel to the interface. This evidence suggests that these voids degrade interfacial cohesion and greatly impede the ability of a NPG layer to inject a crack into the un-dealloyed parent phase grain boundaries.
Our findings demonstrate that grain boundary nanoporous morphologies that form as a result of corrosion can, under suitable conditions, mechanically inject cracks into a surrounding phase unaffected by corrosion. On the basis of our findings, we suggest that the brittle microfracture events discussed by researchers who examined the high-temperature water cracking of sensitized stainless steels is a consequence of grain boundary nanoporosity that forms owing to selective Cr oxidation. Although the mechanism of nanoporosity formation is different from that in our model system, the net effect of grain boundary nanoporosity on cracking rates is similar. We believe that there is no other mechanism available to explain these high IGSCC rates, since the temperature is well above that at which martensite can form and hydrogen embrittlement effects are operative 30, 44 . Similar behaviour may occur in Ni-based alloys such as Alloy 600, although to our knowledge no comparisons exist for rates of faradaic GB dissolution and IGSCC rates for this system. However, there is some evidence that oxidized nanoporous grain boundaries in Alloy 600 can undergo unstable brittle fracture 45 . As discussed in the Supplementary Information, our identification of a mechanical cracking component has important implications for using grain boundary engineering strategies to successfully alleviate this form of IGSCC.
The implications of our findings in the model system we studied and discussion related to the behaviour of stainless steels and Ni-base alloys is directly linked to grain boundary nanoporosity formation and should not be uncritically generalized to the behaviour of other important engineering alloys. For example, the well-known phenomena of IGSCC of low-strength ferritic steels occurring in carbonate/bicarbonate and nitrate electrolytes probably do not derive from the type of mechanism discussed herein 3, 46 .
Other important examples include the IGSCC of Al alloys 47 and high-strength, low-alloy steels 48 , which are related to hydrogen embrittlement processes. We refer the interested reader to several reviews that discuss various forms of stress-corrosion cracking 49, 50 .
In conclusion, our results have revealed that the roles of stress and dealloying corrosion can be decoupled and demonstrate that there is a separate mechanical component to the IGSCC of Ag-Au alloys in acid electrolytes. We have shown that a nanoporous corrosion layer can, owing to mechanical effects, inject a crack into grain boundaries of un-dealloyed parent phase material. Our findings also provide a path forward for obtaining a more complete understanding of IGSCC of important engineering alloys such as stainless steels and Ni-based alloys employed in critical applications.
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